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Studies on carotenoids in petals of Compositae plants
Sanae Kishimoto
Summary
Chrysanthemum (Chrysanthemum morifolium Ramat.) is one of the most important ornamental plants in the 
world, and its range of petal colors originates mainly from carotenoid and anthocyanin pigments. It is known 
that the orange color in chrysanthemum petals, which results from the mixture anthocyanins and carotenoids, 
lacks brightness. In addition, yellow- and white-flowered cultivars are in great demand for funeral ceremonies 
in Japan, but the quality for cut flowers from yellow-flowered cultivars is generally lower than that of white-
flowered cultivars. For this reason, the production of yellow-flowered cultivars has been falling gradually. 
Because of the importance of controlling flower color, the carotenoid components and the genetic causes 
that regulate the flower color due to the presence of carotenoids were analyzed in the petals of plants in the 
Compositae.
Twelve chrysanthemum cultivars with petal color ranging from pale yellow to deep red were analyzed by 
means of high-performance liquid chromatography. No difference was found in their carotenoid composition, 
but  xanthophylls were identified by means of nuclear magnetic resonance (NMR) analysis. Among them, 
(S,S,R,'R,'R)-,-dihydro-,-dihydroxylutein and five di-Z geometrical isomers of lutein-,-epoxide had 
never before been identified as natural products.
The carotenoid composition, carotenoid content, and expression of genes encoding carotenoid biosynthetic 
⧎߈⎇ⓥᚲ⎇ⓥႎ๔ޓ╙ ภ
enzymes were also analyzed using the petals and leaves of yellow- and white-flowered chrysanthemums. 
Most of the carotenoids in yellow petals were Ǫ,ǭ-carotenoids, lutein and its derivatives, reflecting the high 
expression levels of the gene for lycopene ǭ-cyclase (LCYE). In contrast, the ratios of Ǫ,Ǫ-carotenoids to 
total carotenoids in leaves were higher than those of Ǫ,ǭ-carotenoids to total carotenoids, reflecting the high 
expression levels of the gene for lycopene Ǫ-cyclase (LCYB). A between-cultivar comparison of the expression 
of the genes encoding carotenoid biosynthetic enzymes in the petals showed no distinct differences between 
petal colors. The expression of CmCCD1, a highly conserved homologue of the gene for carotenoid cleavage 
dioxygenase derived from the petals of white-flowered chrysanthemum, was then analyzed. Real-time PCR 
analysis showed that all white petals that were tested had high levels of expression of CmCCD1, which was not 
detected in yellow petals. Significant expression of CmCCD1 was strictly limited to the flower petals, therefore 
we hypothesized that the formation of white petal color resulted from neither down-regulation nor destruction 
of the carotenoid biosynthesis pathway, but rather to enzymatic cleavage of carotenoids into colorless 
compounds.
Petals of orange- and yellow-flowered cultivars of nine Compositae species were analyzed to determine total 
anthocyanin content, total carotenoid content, and carotenoid composition in order to clarify the mechanisms 
responsible for differences in petal color. It became clear that the differences in petal color between orange- 
and yellow-flowered cultivars were caused by differences in three factors: total anthocyanin content, total 
carotenoid content, and carotenoid composition. Calendula (Calendula officinalis L.) was one plant that differed 
in carotenoid composition between orange- and yellow-flowered cultivars. Nineteen carotenoids were identified 
in extracts from the petals of orange- and yellow-flowered cultivars of calendula by means of NMR analysis, 
and  of them were unique to the orange-flowered cultivars. These  were reddish, and it was clear that 
they were responsible for the orange color of the petals. Among them, (Z,Z)-lycopene, (Z,Z,'Z)-lycopene, 
(Z,Z,'Z,'Z)-lycopene, ('Z)-ǫ-carotene, and ('Z,'Z)-rubixanthin had never before been identified as natural 
compounds. Since these (Z)- or ('Z)-carotenoids are unique to orange-flowered cultivars and since yellow-
flowered cultivars do not accumulate any Z or 'Z compounds, it appears that C- isomerization activity exists 
only in orange-flowered cultivars.

















































CH ߩൻቇᑼࠍᜬߟ isopentenyl pyrophosphate㧔IPP㧕
ࠍၮᧄන૏ߣߒߡࠬ࠲࡯࠻ߔࠆ㧚ಽሶߩ IPPߪ㊀วߒ
ߡ C ߩ geranylgeranyl pyrophosphate㧔GGPP㧕ߣߥࠅ㧘
ߐࠄߦ  ಽሶߩ GGPP߇ phytoene synthase㧔PSY㧕ߦ
ࠃߞߡ㊀วߐࠇ㧘ᦨೋߩࠞࡠ࠹ࡁࠗ࠼ߢ޽ࠆ phytoene
ߣߥࠆ㧚Phytoene ߪߐࠄߦǮ -carotene ࠍ⚻↱ߒߡ
lycopene߳ߣᄌ឵ߐࠇࠆ߇㧘ߎߩࠬ࠹࠶ࡊߦ㑐ࠊߞߡ޿
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ޓࠞ࡜ࡓ㧦YMC Carotenoid㧔SǴm,   . mm i.d.㧘
YMC Co. Ltd㧕
ޓዷ㐿ṁᇦ A/ MeOH: t-Buthyl methyl ether (MTBE): 
HO = ::, 
ޓዷ㐿ṁᇦ B/ MeOH: MTBE: HO = ::
ޓ㧜ಽޓA %/ B %,  ಽޓA %/ B %,  ಽޓA 
%/ B %
ޓᵹㅦޓ ml/min, ޓࠞ࡜ࡓ᷷ᐲޓ͠
Arietta Holina Red NeroSei-paprika
AglowRed Rijego Dramatic Dark Dramatic
Sunny Orange Canaria Yellow Paragon Syuho-no-takara
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Figure . Carotenoid analysis in petals of chrysanthemum cultivars. 
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Table ޓMajor carotenoid peaks in petals of chrysanthemum detected by HPLC analysis.
Peak no. Rt(min) Absorption maxima (nm)
 . , , 
 . , , 
 . , , 
 . , , 
 . , , 
 . , , 
 . , , 
 . , , 
 . , , 






Violaxanthin . , ,  , , 
'Z-Neoxanthin . , ,  , , 
Lutein . , ,  , , 
Zeaxanthin . S, ,  , , 
Ǫ-Cryptoxanthin . S, ,  , , 
ǩ-Carotene . , ,  , , 
Ǫ-Carotene . , ,  , , 










Arietta . . . . . 
Sei-paprika . . . . . 
Holina . . . . . 
Red Nero . . . . . 
Red Rijego . . . . . 
Aglow . . . . . 
Dramatic . . . . . 
Dark Dramatic . . . . . 
Sunny Orange . . . . . 
Canaria . . . -. . 
Yellow Paragon . . . -. . 
Syuho-no-chikara . . . -. . 
a㧦 Lutein equivalent 





























































































































Figure . Correlation between total carotenoid and anthocyanin contents, and chromaticity in petals of  chrysanthemum 
cultivars. (A) Correlation between total carotenoid content and yellowness. (B) Correlation between total anthocyanin 
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ൻว‛ ࡇ࡯ࠢ  ߆ࠄಽขߐࠇߚᚑಽߢ޽ࠅ㧘ๆ෼
ᭂᄢ୯ߪ , ,  nmߣ޿߁㕖Ᏹߦ࡞࠹ࠗࡦߦㄭ
޿୯ࠍ␜ߒߚ㧔Britton 㧕㧚㜞ಽ⸃⢻ FAB-MSಽᨆ
ߩ⚿ᨐ㧘ಽሶᑼߪ CHO ߢ޽ࠆߎߣ߇᣿ࠄ߆ߦߥߞ
ߚ㧚ൻว‛ ߩ H߅ࠃ߮ C NMRࠬࡍࠢ࠻࡞᷹ቯ୯
ߩᏫዻߪੑᰴర NMR㧔H-H COSY, NOESY, HSQC߅
ࠃ߮ HMBC㧕ࠬࡍࠢ࠻࡞⸃ᨆߦࠃߞߡ᳿ቯߒߚ㧔╙ 
⴫㧕㧚ߘߩ⚿ᨐ㧘 ߟߩ  ⚖᳓㉄ၮ㧔ǬC ., ǬH . ߅






H-H COSY߅ࠃ߮ HSQCࠍ↪޿ߡ C- ߆ࠄ C- ߦ߆ߌ
ߡߩ὇⚛ේሶߣ᳓⚛ේሶߩᏫዻࠍ᳿ቯߒ㧘ߐࠄߦ C- ૏
ߩੑ⚖᳓⚛ၮߩሽ࿷ࠍ᣿ࠄ߆ߦߒߚ㧚߹ߚ㧘HMBC⸃
ᨆ߆ࠄ㧘ǬC ., ., ߅ࠃ߮ . ߩ୯ࠍ␜ߔ྾⚖὇⚛ࠍ
C-, C-,߅ࠃ߮ C- ૏ߦᏫዻߒߚ㧚ߎߩߎߣ߆ࠄ㧘ߟ
ߩਃ⚖᳓⚛ၮߪ C- ߅ࠃ߮ C- ૏ߦ૏⟎ߔࠆߣ᳿ቯߒߚ㧚
߹ߚ㧘HSQC߅ࠃ߮ HMBC⋧㑐߆ࠄ C-, C- ߅ࠃ߮
C- ߩ  ߟߩࡔ࠴࡞ၮߩ૏⟎ࠍ᳿ቯߒߚ㧚NOESY⋧㑐
߇ H-/H-a, H-/H-, H-/H- ߅ࠃ߮ H-/H- ߢ⹺




ࠢ࠻࡞᷹ቯ୯ࠍMolnárࠄ ()߅ࠃ߮ Deliࠄ (b)
ߦࠃߞߡൻቇวᚑߐࠇߚ (S,R,R)ൻว‛ߩ࠺࡯࠲ߣ
Ყセߒߚ߇㧘⛘ኻ㈩⟎ߩ᳿ቯߦߪ⥋ࠄߥ߆ߞߚ㧚H߅
ࠃ߮ C NMRߩ࠺࡯࠲ߪൻቇวᚑߐࠇߚ (S,R,S), 
(S,S,S) ߅ࠃ߮ (S,S,R)㈩⟎ࠍᜬߟࠞࡠ࠹ࡁࠗ࠼ߣ
ߪ৻⥌ߖߕ㧘Bucheckerࠄ () ߅ࠃ߮ Eugster ()
ߦࠃߞߡႎ๔ߐࠇߚ (S,S,R,'R,'R)-,-dihydro-Ǫ,
ǭ-carotene-,,,'-tetrolߩ᭴ㅧߣ৻⥌ߒߚ㧚ᓥߞߡ㧘
ൻว‛  ߩ ᭴ ㅧࠍ (S,S,R,'R,'R)-,-dihydro-Ǫ,ǭ
-carotene-,,,'-tetrol [(S,S,R,'R,'R)-,-dihydro-,-
dihydroxylutein]ߢ޽ࠆߣ᳿ቯߒߚ㧚ߎߩࠞࡠ࠹ࡁࠗ࠼
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Figure . HPLC separation of carotenoids of an extract of chrysanthemum petals
ޓޓޓޓޓ(cv. ̈ Sunny Orangẻ). Peak numbers as in Table .
ጯᧄ㧦ࠠࠢ⑼ᬀ‛ߩ⧎ᑯߦ߅ߌࠆࠞࡠ࠹ࡁࠗ࠼ߦ㑐ߔࠆ⎇ⓥ
Table ޓCarotenoid composition in petals of chrysanthemum (cv. ̈ Sunny Orangẻ).
Peak no.
(Fig. -)
Carotenoids % of total carotenoids
 (S,S,R,'R,'R)-,-Dihydro-,-dihydroxylutein () .
 (Z,'Z)-Lutein-,-epoxide () .
(Z,'Z)-Lutein-,-epoxide () .
 ('Z,'Z)-Lutein-,-epoxide () .
 (Z,Z)-Lutein-,-epoxide () .
 (all-E)-Lutein-,-epoxide () .
 (Z,'Z)-Lutein-,-epoxide () .
(Z)-Violaxanthin .
 (S)-Lutein-,-epoxide (= chrysanthemaxanthin) .
 (R)-Lutein-,-epoxide (= fl avoxanthin) .
(Z-'R)-Luteoxanthin .
 ('Z)-Lutein-,-epoxide () .




Table ޓH ( MHz) and C ( MHz) NMR data for  in CDCl
Position ǬC (mult.) ǬH (mult., JHz) Position ǬC (mult.) ǬH (mult., JHz)
   . (s) '   . (s)
   . (t) ǩ. (dd)b '   . (t) ǩ. (dd, , )
Ǫ. (dd, ., ) Ǫ. (dd, , .)
   . (d) . (m) '   . (d) . (m)
   . (t) . (m) ' . (d) . (s)
. (m)
   . (s) ' . (s)
   . (s) '   . (d) . (d, )
 . (d) . (d, .) ' . (d) . (dd, ., )
 . (d) . (d, .) ' . (d) . (d, .)
 . (s) ' . (s)
 . (d)a . (d, .) ' . (d) . (d, )
 . (d) . (dd, ., .) ' . (d) . (dd, ., )
 . (d) . (d, .) ' . (d) . (d, .)
 . (s) ' . (s)
 . (d) a . (m) ' . (d) . (m)
 . (d) . (m) ' . (d) . (m)
   . (q) . (s) '   . (q) . (s)
   . (q) . (s) '   . (q) . (s)
   . (q) . (s) '   . (q) . (s)
   . (q) . (s) '   . (q) . (s)
   . (q) . (s) '   . (q) . (s)




  ⒳㘃ߩ lutein-,-epoxideߩ┙૕⇣ᕈ૕ [Z,'Z (, 
ࡇ࡯ࠢ ), Z,'Z (, ࡇ࡯ࠢ㧞), 'Z,'Z (,ࡇ࡯ࠢ ), 
Z,Z (, ࡇ࡯ࠢ ), all-E (, ࡇ࡯ࠢ ), Z,'Z (, ࡇ࡯ࠢ
), 'Z (, ࡇ࡯ࠢ ), and Z (,ࡇ࡯ࠢ )]ࠍಽ㔌ߒߚ
㧔╙ ࿑㧕㧚ߎࠇࠄߩ߁ߜ㧘⒳ߩ di-Z૕ߪᣂⷙࠞࡠ࠹ࡁ
ࠗ࠼ߢ޽ࠅ㧘H NMRࠬࡍࠢ࠻࡞ಽᨆߦࠃߞߡ᭴ㅧ᳿
ቯࠍⴕߞߚ㧚H NMRࠪࠣ࠽࡞ߪ H-H COSY, NOESY
߅ࠃ߮ H-H decoupling᷹ቯߦࠃߞߡᏫዻࠍ᳿ቯߒߚ㧚
╙  ⴫ߪ all-E૕ߣ di-Z⇣ᕈ૕ߩࡐ࡝ࠛࡦ㎮ㇱಽߩ H 
NMRࠪࠣ࠽࡞ࠍᲧセߒߚ߽ߩߢ޽ࠆ㧚ߎࠇࠄߩ┙૕㈩
⟎ߪ H NMRࠪࠣ࠽࡞ߩ⇣ᕈൻࠪࡈ࠻୯ (ǍǬ= ǍZ - Ǎ
E) (Englert, ) ߅ࠃ߮ NOESY⋧㑐߆ࠄ᳿ቯߐࠇߚ
㧔╙  ⴫㧘╙  ࿑㧕㧚଀߃߫ (Z,Z)-lutein-,-epoxide 
()ߩ႐ว㧘H-, H-, H- ߅ࠃ߮ H- ૏ߩ H NMRࠪ
ࠣ࠽࡞୯ߪ all-E૕ߦᲧߴߡᄢ߈ߊૐ⏛႐ࠪࡈ࠻ߒߚ৻
ᣇߢ㧘H- ߅ࠃ߮ H- ૏ߪ㜞⏛႐ࠪࡈ࠻ߒߚ㧚ߎࠇࠄ
ߩ⇣ᕈൻࠪࡈ࠻ࡄ࠲࡯ࡦߪ Englert ()߇ႎ๔ߒߚ㧘
Z,Z┙૕㈩⟎ߩ․ᓽߣ৻⥌ߒߚ㧚ߐࠄߦ㧘H-/H-, 
H-/H-, H-/H- ߅ࠃ߮ H-/H- ߩ㑆ߢ⹺߼ࠄࠇ
ߚ NOESY⋧㑐߽ Z,Z┙૕㈩⟎ߣ৻⥌ߒߚ⚿ᨐࠍ␜
ߒ㧘ൻว‛ ߪ (Z,Z)-lutein-,-epoxideߢ޽ࠆߣ᳿ቯ






















































































Figure . Structures of eight geometrical isomers of lutein-,-epoxide identifi ed in this study.
Table ޓH ( MHz) NMR data relevant to the polyene part of (all-E)- and (di-Z)-lutein-,-epoxide in CDCl
All-E () 9Z,9'Z () Z,Z () 9Z,13'Z () 9'Z,13'Z () 13Z,9'Z ()
Position Ǭ Ǭ ǍǬa Ǭ ǍǬ Ǭ ǍǬ Ǭ ǍǬ Ǭ ǍǬ
H- . . . . . . . . . .
H- . . . . . . . . . .
H- . . . . . . .
H- . . – . . – . . -. . . .
H- . . . . . . . . .
H- . . – . . . . – . . . .
H- . . . . . .
H- . . . – . . – . . . – .
H- . . – . . . . – . . – . . .
H-' . . – . . – . . . . . . – .
H-' . . . – . . – . . – . .
H-' . . . . . . .
H-' . . – . . . . . . . – .
H-' . . . . . – . . . . .
H-' . . – . . . . . – . . – .
H-' . . . . . .
H-' . . . . . . . . .
H-' . . . . . . . . . .




⒳ࠍ UV-Vis, H NMR߅ࠃ߮ FAB-MSࠬࡍࠢ࠻࡞⸃ᨆ
߆ࠄหቯߒߚ㧚(Z)-violaxanthin (ࡇ࡯ࠢ ), (S)-lutein-
,-epoxide (ࡇ࡯ࠢ ), (R)-lutein-,-epoxide (ࡇ࡯ࠢ
), (Z-'R)-luteoxanthin (ࡇ࡯ࠢ ), (all-E)-lutein (ࡇ࡯
ࠢ ), (Z)-lutein (ࡇ࡯ࠢ )߅ࠃ߮ ('Z)-lutein (ࡇ࡯
ࠢ ) ߢ޽ࠆ (╙ ⴫㧘╙ ࿑ )㧚ߎࠇࠄߩࠞࡠ࠹ࡁࠗ
࠼ߪߔߴߡࠠࠨࡦ࠻ࡈࠖ࡞ߦಽ㘃ߐࠇߚ㧚(all-E)-lutein, 




















࠼ ߪ (Z)-violaxanthin ࠍ 㒰 ߈㧘 ߔ ߴߡǪ,ǭ-carotene 
(ǩ-carotene)⺃ዉ૕ߢ޽ߞߚ㧚⃻࿷߹ߢߦ⧎ᑯߦ฽߹
ࠇࠆࠞࡠ࠹ࡁࠗ࠼ᚑಽߩಽᨆ߇ⴕࠊࠇߚࠠࠢ⑼ߩᬀ‛ߣ
ߒߡߪࠠࡦ࠮ࡦࠞ (Calendula offi cinalis㧧Bakoࠄ , )㧘
ࡅࡑࡢ࡝ ⒳㧔Helianthus annus㧧Tóth࡮Szabolcs ; 








ട߃ߡ㧘ࠠࠢ⧎ᑯ߆ࠄߪ  ⒳ߩ lutein-,-epoxideߩ┙





napus [(Z,'Z)-lutein], C. offi cinalis [(Z,'Z)-lutein ߅ ࠃ
߮ (Z,'Z)-lutein], T. erecta [(Z,'Z)-lutein] ߅ࠃ߮ 
Viola tricolor [(Z,'Z)-violaxanthin, (Z,Z)-violaxanthin, 


























㧔phytoene synthase㧕߅ࠃ߮ PDS㧔phytoene desaturase㧕
ߢ޽ࠅ (Peckerࠄ , Giulianoࠄ , Fraserࠄ )㧘
࠻࠙ࠟ࡜ࠪߢߪ GGPS㧔geranylgeranyl pyrophosphate 





࡮rolyaT , grebhcsriH , yelmarB࡮resarF( ࠆ ޿
ߞࠃߦ▵⺞ߩᓟ౮ォ㧘ᐕㄭࠄ߇ߥߒ߆ߒ㧚) yasmaR
ࠇߐ๔ႎ߇଀੐ࠆ޿ߡࠇߐቯ᳿߇㊂Ⓧ⫾࠼ࠗࡁ࠹ࡠࠞߡ























































ࡉ࡯ࡑ࠻ࠗࡢࡎ 㧘̉̈ ࡦࠧ࡜ࡄ 㧔̈⒳ຠ ⒳ຠ⦡⊕ࠢࠠ
ࠗ 㧔̈⒳ຠ ⒳ຠ⦡㤛߮ࠃ߅㧕̉ ࠕࠪ࠼ࠖࡈ̈߮ࠃ߅̉࡞
࡯࠾ࠨ̈߮ࠃ߅̉࡞ࡉ࡯ࡑ࠳࡝ࡠࡈ 㧘̉̈ ࡦࠧ࡜ࡄ࡯ࡠࠛ
࡯ࡠࠛࠗ 㧚̈㧕࿑ ╙㧔ߚ޿↪ߡߒߣᢱ᧚ࠍ㧕̉ ࠫࡦ࡟ࠝ
᭽ห㧘ࠅ޽ߢ⒳ຠࠅࠊᄌᨑߩ̉ࡦࠧ࡜ࡄ̈ߪ̉ࡦࠧ࡜ࡄ
ᄌᨑߩ̉࡞ࡉ࡯ࡑ࠻ࠗࡢࡎ̈ߪ̉࡞ࡉ࡯ࡑ࠳࡝ࡠࡈ̈ߦ
 , )ylrae yrev( EV ߦ೎㓏Ბ㆐⊒ߪᑯ⧎㧚ࠆ޽ߢ⒳ຠࠅࠊ
ࡦࠨࠄ߆㓏Ბ  ߩ)etal( L ߮ࠃ߅)elddim( M ,)ylrae( E
㧚ߚߞⴕࠍ಴᛽ߩANR ߮ࠃ߅࠼ࠗࡁ࠹ࡠࠞ㧘ߒࠣࡦ࡝ࡊ
  㨪  ߪM ,mm  㨪  ߪ E ,mm  㨪  㐳ᑯ⧎ߪEV
ోቢߢࠫ࡯࠹ࠬL㧚ߚߒߣmm  㨪  ߪL ߮ࠃ߅ ,mm
߅M ,E㧔㓏Ბ ߪ㆐⊒ߩ⪲㧚ߚߞ޽ߢᘒ⁁ߚߒ⧎㐿ߦ
㧘ߚ߹㧚ߚߞⴕࠍ಴᛽ߩ࠼ࠗࡁ࠹ࡠࠞ㧘ߌಽߦ㧕L ߮ࠃ
  㨪  ߇E ߪ㐳⪲㧚ߚߒ಴᛽ࠄ߆ࠫ࡯࠹ࠬL ߪANR















ޓࠞ࡜ࡓ㧦YMC Carotenoid㧔SǴm,   . mm i.d.㧘
YMC Co. Ltd㧕
ޓዷ㐿ṁᇦ A/ MeOH: t-Buthyl methyl ether (MTBE): 
HO = ::, 
ޓዷ㐿ṁᇦ B/ MeOH: MTBE: HO = ::




#+40# ߩ᛽಴߅ࠃ߮ E&0# ߩวᚑ
Total RNA ߪ ᡷ ᄌ CTAB ᴺ (Chang ࠄ㧘) ߦ ߡ
᛽಴ߒ㧘mRNA purifi cation kit (Amersham Biosciences, 
Piscataway, NJ, USA) ࠍ↪޿ߡpoly(A)+ RNAߩ♖⵾ࠍⴕߞ
ߚ㧚cDNA ߪ SuperScript First-Strand Synthesis System 





-phosphate synthase [DXS], -deoxyxylulose -phosphate 
reductoisomerase [DXR], isopentenyl pyrophosphate 









Figure .  (A) Sampling stages of chrysanthemum petal development and (B) fully expanded fl owers of chrysanthemum cultivars 
used for the experiment. VE = very early, E = early, M = medium, and L = late.
ጯᧄ㧦ࠠࠢ⑼ᬀ‛ߩ⧎ᑯߦ߅ߌࠆࠞࡠ࠹ࡁࠗ࠼ߦ㑐ߔࠆ⎇ⓥ
isomerase [IPI], geranylgeranyl pyrophosphate synthase 
[GGPS], phytoene synthase [PSY], phytoene desaturase 
[PDS],Ǯ -carotene desaturase [ZDS], carotenoid 
isomerase [CR TISO], lycopene Ǫ -cyclase [LCYB], 
lycopeneǭ-cyclase [LCYE], Ǫ-ring hydroxylase [CHYB], 










poly(A)+ RNA߆ࠄ SMART cDNA library construction kit 






































































Figure . Putative carotenoid biosynthetic pathway in petals of chrysanthemum.
ޓޓޓޓޓAbbreviations: GAP, glyceraldehyde--phosphate; DOXP, D--deoxyxylulose--phosphate; MEP, -C-methyl-D-
erythritol-,-cyclodiphosphate; IPP, isopentenyl diphosphate; GGPP, geranylgeranyl diphosphate.
⧎߈⎇ⓥᚲ⎇ⓥႎ๔ޓ╙ ภ
ߺㄟࠎߛᒻߢᓧߚ㧚BigDye DNA Sequencing Kit (Applied 
Biosystems, Foster City, CA, USA)߅ࠃ߮⥄േࠪ࡯ࠤࡦ





↪޿ߡ ' ߅ࠃ߮ ' RACEࠍⴕߞߚ㧚೨㗄ߢᓧߚㇱಽ㈩
೉ᖱႎࠍరߦ Oligo࠰ࡈ࠻࠙ࠚࠕ (Molecular Biology 
Insights, Cascade, CO, USA)ߢࡊ࡜ࠗࡑ࡯ࠍ⸳⸘ߒ㧘
SMART RACE cDNA Amplifi cation Kit (BD Biosciences)
ࠍ૶↪ߒߚ㧚
㧢㧕ࡁ࡯ࠩࡦಽᨆߦࠃࠆㆮવሶߩ⊒⃻⸃ᨆ
᛽಴ߒߚ poly(A)+ RNAࠍࡎ࡞ࡓࠕࡒ࠼ࠍ฽߻ .%
ࠕࠟࡠ࡯ࠬᄌᕈࠥ࡞ߢᵒേߒ㧘࠽ࠗࡠࡦࡈࠖ࡞࠲࡯
(Hybond-N+ membrane, Amersham Biosciences) ߦォ౮
ߒߚ㧚೨㗄ߢන㔌ߒߚߘࠇߙࠇߩㆮવሶߩㇱಽ㐳 cDNA
ࠍ DIGࠪࠬ࠹ࡓߢ࡜ࡌ࡝ࡦࠣߒ㧘ࡊࡠ࡯ࡉߣߒߡ↪޿
ߚ㧚ࡈࠖ࡞࠲࡯ߪ  SSC, .% SDSṁᶧߢ ಽ㑆㧘ቶ




ࠇߚ㈩೉ࠍ↪޿ߡ⸳⸘ߒߚ㧔, GenBank accession 
no. AB㧕㧚ࡊࡠ࡯ࡉࠍჇ᏷ߔࠆߚ߼ߩࡊ࡜ࠗࡑ࡯
ߪએਅߩㅢࠅߢ޽ࠆ㧚DXS㧦'-ATGGAGCGATGACCG
CAGGACAAG-' ߅ ࠃ ߮ '-GCGGGTAACCTTTGCCTT
TTTCGGT-'㧘 DXR㧦'-TGTCAAGATTCTTCCTGCTGA
TTCA-' ߅ ࠃ ߮ '-TGTGTCTCGACCATGGAATGTAG
T-'㧘 IPI㧦'-ACGAGTTACTTCTTCAGCAACGGT-' ߅
ࠃ߮ '-ATCAGATGGAGCCTTGTAGAGCAT-'㧘GGPS㧦





















࡝ࠕ࡞࠲ࠗࡓ PCRᴺࠍ↪޿ߡ DXR, PSY, LCYB߅ࠃ
߮ LCYEㆮવሶߩ⊒⃻⸃ᨆࠍⴕߞߚ㧚DNaseಣℂࠍⴕߞ
ߚ poly(A)+ RNA߆ࠄ SuperScript First-Strand Synthesis 
System (Invitrogen)ࠍ↪޿ߡ㍌ဳߣߥࠆ cDNAࠍว
ᚑߒߚ㧚ォ౮↥‛ߩ⫾Ⓧ㊂ߩ⸃ᨆߪ QuantiTect SYBR 
Green PCR Kit (Qiagen, Hilden, Germany) ߅ ࠃ ߮ 







ߒ ߚ㧔, GenBank accession no. AB㧕㧚 ࡊ ࡜
ࠗࡑ࡯ߩ㈩೉ߪએਅߢ޽ࠆ㧚DXR, '-CTTAATTGCTG
GCGGTCCCT-' ߅ ࠃ ߮ '-CCTCCTGATGCGGTCAAG
AT-'; PSY, '-GCTTTGGCTTTAGGAATCGC-' ߅ ࠃ ߮ 
'-TCTGATAGTCCGGCTTGTGC -'; LCYB, '-AGAGCTT
GTACCCGAAATCA-' ߅ ࠃ ߮ '-CTACAGCTAAACCCG
AAGGA-'; LCYE, '- GGAGCGGCTTCGGGTAAACTTCT
GCAA-' ߅ࠃ߮ '- CTCTCTTGAAGCCAGACAGGTTTC







 ⒳㘃ߩࠗ࠰ࡊ࡟ࡁࠗ࠼↢วᚑ♽㉂⚛ㆮવሶ (DXS 
[AB], DXR [AB], IPI [AB] ߅ ࠃ
߮ GGPS [AB]㧦 ᜝ ᒐ ౝ ߪ GenBank accession 
ጯᧄ㧦ࠠࠢ⑼ᬀ‛ߩ⧎ᑯߦ߅ߌࠆࠞࡠ࠹ࡁࠗ࠼ߦ㑐ߔࠆ⎇ⓥ
no.ࠍ␜ߔ )߅ࠃ߮  ⒳㘃ߩࠞࡠ࠹ࡁࠗ࠼↢วᚑ♽
㉂ ⚛ ㆮ વ ሶ (PSY [AB], PDS [AB], ZDS 
[AB], CRTISO [AB], LCYB [AB], 
LCYE [AB], CHYB [AB], VDE [AB], 
and ZEP [AB])ࠍන㔌ߒߚ㧚ߎࠇࠄߩ߁ߜ㧘PSY, 
PDS, LCYB, LCYE߅ࠃ߮ CHYBߩో㐳 cDNAߪ cDNA
࡜ࠗࡉ࡜࡝࡯߆ࠄߩࠬࠢ࡝࡯࠾ࡦࠣߦࠃߞߡන㔌ߐࠇ
ߚ߇㧘ߘߩઁߩ  ㆮવሶ (DXS, DXR, IPI, GGPS, ZDS, 







































C. Yellow Paragon, leaf
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Figure . Carotenoid analysis in petals and leaves of Yellow Paragon and Paragon. Carotenoid extracts from . g f.w. of petals of 
(A) Yellow Paragon and (B) Paragon, and (C) leaves of Yellow Paragon were analyzed by HPLC.
Abbreviations: V, violaxanthin; L, all-E-lutein; Ǫ, Ǫ-carotene; DL, (S,S,R,'R,'R)-,-dihydro-,-dihydroxylutein; 













































ࡁ࡯ࠩࡦ⸃ᨆߢߪ ࡟࡯ࡦᒰߚࠅ Ǵgߩ poly(A)+ RNA
ࠍ૶↪ߒߚ㧚ߒ߆ߒߥ߇ࠄ㧘DXR, PSY߅ࠃ߮ LCYBㆮ


















































Figure . Total carotenoid contents in petals and leaves 
of Yellow Paragon and Paragon. Measurements 
were performed in triplicate, and the mean values 
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Figure . Ana lys is  o f  the  expr ess ion  o f  genes  for  i sopr enoid  and carotenoid  b iosynthes is  dur ing  peta l  
development of  Yellow Paragon and Paragon. (A) Nor ther n analysis.    Ǵg of poly(A)+ RNA per 
lane was loaded for  DXS ,  IPI ,  GGPS ,  PDS ,  ZDS ,  CRTISO ,  LCYE ,  CHYB ,  ZEP ,  VDE ,  and Actin .  
 Ǵg of poly(A)+ RNA per lane was loaded for DXR, PSY, and LCYB. (B) Quantitative real-time PCR of 
DXR, PSY, and LCYB. Real-time PCR was per formed in triplicate, and the mean values r SE are shown.
Abbreviations: YP, Yellow Paragon; P, Paragon.
⧎߈⎇ⓥᚲ⎇ⓥႎ๔ޓ╙ ภ
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Figure . Analysis of the expression of genes for isoprenoid and carotenoid biosynthesis in fl owers and leaves of yellow- and 
white-fl owered cultivars.
ޓPetals at stage M and leaves at stage L were used for the analysis. (A) Northern analysis.  Ǵg of poly(A)+ RNA per 
lane was loaded for DXS, IPI, GGPS, PDS, ZDS, CRTISO, LCYE, CHYB, ZEP, VDE, and Actin.  Ǵg of poly(A)+ RNA 
per lane was loaded for DXR, PSY, and LCYB. (B) Quantitative real-time PCR of DXR, PSY, and LCYB. Real-time PCR 
was performed in triplicate, and the mean values r SE are shown.




␜ߔㆮવሶߪߥ߆ߞߚ㧚̈ ࡄ࡜ࠧࡦ̉⧎ᑯߦ߅ߌࠆ DXS, 
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Figure . Quantitative real-time PCR of LCYB and LCYE 
genes in petals of yellow-fl owered cultivars and 
leaves of Yellow Paragon and Paragon. Real-time 
PCR was performed in triplicate, and the mean 




















޿㧚Zeinoxanthinࠍ luteinߦ⸅ᇦߔࠆǭ-ring hydroxylase 
(CHYE) ㆮવሶࠍන㔌ߔࠆ⹜ߺߪ Arabidopsisߦ߅޿ߡ
ขࠅ⚵߹ࠇߡ߈ߚ߇㧘ㄭᐕ㧘ߎߩ㉂⚛ㆮવሶߪ࠴࠻ࠢࡠ
ࡓ P ߣႮၮ㈩೉ߩ⋧หᕈ߇㜞ߊ㧘Ǫ-ring hydroxylase 
(CHYB)ߣߪ⇣ߥࠆ⿠Ḯࠍᜬߟߣ޿߁ߎߣ߇᣿ࠄ߆ߦ
ߥ ߞ ߚ㧔Tian ࠄ 㧘Tian࡮Dellapenna 㧕㧚 ߒ
߆ߒߥ߇ࠄ㧘lutein߆ࠄߐࠄߦߘߩ⺃ዉ૕߳ߣ⸅ᇦߔ
ࠆ㉂⚛ߦߟ޿ߡߪᧂߛਇ᣿ߢ޽ࠆ㧚Ladygin ()ߪ






















PDS, ZDS, CRTISO, LCYB, LCYE߅ࠃ߮ CHYBߪ̈ࠗࠛ
ࡠ࡯ࡄ࡜ࠧࡦ̉ߩ⧎ᑯߩ⊒㆐ߦ઻ߞߡ⊒⃻㊂߇Ⴧടߒߚ
߇㧘ߎࠇࠄߩ⊒⃻ࡄ࠲࡯ࡦߪࠞࡠ࠹ࡁࠗ࠼ߩ⫾Ⓧ㊂ߩࡄ































㗼⪺ߦჇടߔࠆߎߣ߇ႎ๔ߐࠇߡ޿ࠆ (Fraserࠄ , 






SXD㧚㧕࿑  ╙㧘࿑  ╙㧔ߚߒ␜ࠍ㊂⃻⊒ࠆߔ⥌৻ߣ
ࠆߥߣὐ⿠ߩ〝⚻)PEM( etahpsohp lotirhtyrelyhtem ߪ
ࠍ㊂ᚑว↢࠼ࠗࡁ࠹ࡠࠞߡߞࠃߦᓮ೙౮ォ㧘ࠅ޽ߢ⚛㉂
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SYBR Green PCR Kit (Qiagen, Hilden, Germany) ߅ࠃ߮ 






































































































































Figure . Real-time PCR analysis of a clone (CmCCD1) whose expression was higher in white petals than in yellow petals. Real-




































































Figure . Changes in the level of carotenoids and CmCCD1 transcripts during fl ower petal development of Paragon. Real-time 























Figure . Expression of CmCCD1 in different tissues of Paragon. Real-time PCR was performed in triplicate, and the mean 
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Table .ޓChromaticity, total anthocyanin content, and total carotenoid content in petals of orange- and yellow-fl owered cultivars 







(Ǵg/g f.w.)L a* b*
Calendula offi cinalis Alice Orange . r . . r . . r . . 
Orange Star . r . . r . . r . . 
Orange Zem . r . . r . . r . . 
Alice Yellow . r . -. r . . r . . 
Gold Star . r . -. r . . r . . 
Golden Zem . r . -. r . . r . . 
Gerbera jamesonii Orphe . r . . r . . r . . 
Dancer . r . . r . . r . . 
Labyrinth . r . . r . . r . . 
Lambada . r . . r . . r . . 
Illusion . r . . r . . r . . 
Esprit . r . -. r . . r . . 
Sega . r . -. r . . r . . 
Fresbee . r . -. r . . r . . 
Gazania spp. Daybreak Orange . r . . r . . r . . 
Daybreak Yellow . r . . r . . r . . 
Helianthus annuus Sunrich Orange . r . . r . . r . . 
Sonia . r . . r . . r . . 
Sunrich Lemon . r . -. r . . r . . 
Valentine . r . -. r . . r . . 
Osteospermum ecklonis Jury . r . . r . . r . . 
Mikey . r . -. r . . r . . 
Tagetes erecta Orange Isis . r . . r . . r . . 
Yellow Isis . r . -. r . . r . . 
Tagetes petula Safari Tangerine . r . . r . . r . . 
Bonanza Orange . r . . r . . r . . 
Safari Yellow . r . -. r . . r . . 
Bonanza Yellow . r . -. r . . r . . 
Zinnia elegans Dreamland Coral . r . . r . . r . . 
Bonita Red . r . . r . . r . . 
Petitland Orange . r . . r . . r . . 
Dreamland Yellow . r . . r . . r . . 
Bonita Yellow . r . . r . . r . . 
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Figure . Correlation between color and anthocyanin content in petals of orange-fl owered Compositae 
plants.
(A) Correlation between lightness and redness. (B) Correlation between anthocyanin content 
and redness in four species containing anthocyanins.
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Figure . HPLC analysis of carotenoids of extracts of Compositae petals. 
Abbreviations: V, violaxanthin; N, ('Z)-neoxanthin; Lx, luteoxanthin; Le, lutein-,-epoxide; Z-V, (Z)-violaxanthin; F, 
Flavoxanthin[(R)-lutein-,-epoxide]; Au, Auroxanthin; 'Z-Le, ('Z)-lutein-,-epoxide; L, lutein; A, antheraxanthin; 
Z, zeaxanthin; Z-L, (Z)-lutein; Z-Z, (Z)-zeaxanthin; Ǫ,Ǫ-carotene; Ly, lycopene. Number - shows unknown 
carotenoids. 
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Table . Carotenoid composition in petals of Calendula offi cinalis
Orange-fl owered cultivar Yellow-fl owered cultivar














Luteoxanthin , ,  . . . . 
Lutein-,-epoxide , ,  . . . . 
Flavoxanthin , ,  . . . . 
Auroxanthin , ,  . . . . 
('Z)-Lutein-,-epoxide , ,  . . . . 
Lutein ,  . . . . 
Antheraxanthin ,  . . . . 
(Z)-Lutein ,  . . . . 
unknown peak  ,  . . - - 
Ǫ-carotene ,  . . . . 
unknown peak  ,  . . - - 
unknown peak  , ,  . . - - 
unknown peak  , ,  . . - - 
unknown peak  ,  . . - - 
unknown peak  ,  . . - - 
unknown peak  , ,  . . - - 
unknown peak  , ,  . . - - 
Lycopene , ,  . . - - 
Yellowish carotenoidsc . . . .
Reddish carotenoidsd . . . . 
Total carotenoids
(Ǵg/g f.w.) . .
a Percentage of peak area in the HPLC chromatogram at  nm.
b Lutein equivalent.
c Range in the main absorption maximum from  nm to  nm.
d Range in the main absorption maximum from  nm to  nm.
ጯᧄ㧦ࠠࠢ⑼ᬀ‛ߩ⧎ᑯߦ߅ߌࠆࠞࡠ࠹ࡁࠗ࠼ߦ㑐ߔࠆ⎇ⓥ
Table . Carotenoid composition in petals of Gazania spp.
Orange-fl owered cultivar Yellow-fl owered cultivar














Violaxanthin , ,  . . . . 
Lutein-,-epoxide , ,  . . . . 
(Z)-Violaxanthin , ,  . . . . 
unknown peak  , ,  . . . . 
('Z)-Lutein-,-epoxide , ,  . . . . 
Lutein ,  . . . . 
Antheraxanthin ,  . . . . 
(Z)-Lutein ,  . . . . 
(Z)-Zeaxanthin ,  . . . . 
Ǫ-carotene ,  . . . . 
unknown peak  ,  . . - - 
unknown peak  , ,  . . -   - 
Lycopene , ,  . . - - 
Yellowish carotenoidsc . . . . 




a Percentage of peak area in the HPLC chromatogram at  nm.
b Lutein equivalent.
c Range in the main absorption maximum from  nm to  nm.
d Range in the main absorption maximum from  nm to  nm. 
Table . Carotenoid composition in petals of Osteospermum ecklonis.















Lutein ,  . . . . 
β-carotene ,  . . . . 
unknown peak  ,  . . . . 
unknown peak  ,  . . . . 
unknown peak  , ,  . . . . 
Lycopene , ,  . . . . 
Yellowish carotenoidsc . . . . 




a Percentage of peak area in the HPLC chromatogram at  nm.
b Lutein equivalent.
c Range in the main absorption maximum from  nm to  nm.
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ޓࠞ࡜ࡓ : YMC Carotenoid㧔SǴm,    mm i.d., 
YMC Co. Ltd㧕
ޓዷ㐿ṁᇦ A/ MeOH: t-Buthyl methyl ether (MTBE): 
HO = ::, 
ޓዷ㐿ṁᇦ B/ MeOH: MTBE: HO = ::
ޓ ಽޓA %/ B %㧘 ಽޓA %/ B %
ޓᵹㅦޓ ml/min, ޓࠞ࡜ࡓ᷷ᐲޓ͠
㧠㧕ࠞࡠ࠹ࡁࠗ࠼ᚑಽߩหቯ









Nitrobenzyl alchol ࠍၮ⾰ߣߒߡ⾰㊂ಽᨆⵝ⟎㧔JEOL, 
SX 㧕ߢ᷹ቯߒߚ㧚
H NMR ( MHz)߅ࠃ߮ C NMR ( MHz) ࠬࡍࠢ
࠻࡞






















 ࡇ࡯ࠢ㧔ࡇ࡯ࠢ ,  ߅ࠃ߮  㨪 㧕ߪᯍ⦡ຠ⒳ߢ















ߦߥߞߚ㧚(All-E)-lycopene (peak ), (Z,Z)-lycopene 
(, peak ), (Z,Z,'Z)-lycopene (, peak ) ߅ ࠃ ߮
(Z,Z,'Z,'Z)-lycopene (, peak )ߢ޽ࠆ㧚H-NMRࠪ
ࠣ࠽࡞ߪ H-H COSY, NOESY,߅ࠃ߮ H-H decoupling
Table . Carotenoid composition in petals of calendula (cv. Alice Orange)
Peak no.
(Fig. )
Carotenoid % of total carotenoidsa ǳmax (nm)
 ('R)-Luteoxanthin . , , 
 Lutein-,-epoxide . , , 
 Flavoxanthin . , , 
 (R,'R)-Auroxanthin . , , 
 ('Z)-Lutein-,-epoxide . , , 
 Lutein . , 
 Antheraxanthin . , 
 (Z)-Lutein . , 
 ('Z,'Z)-Rubixanthinޓ() . , 
 ǩ-Carotene . , 
 Ǫ-Carotene . , 
 ('Z)-Rubixanthin () . , 
 Ǭ-Carotene . , , 
 (Z,Z,'Z,'Z)-Lycopene () . , , 
 ǫ-Carotene . , 
 ('Z)-ǫ-Carotene () . , 
 (Z,Z,'Z)-Lycopene () . , , 
 (Z,Z)-Lycopene () . , , 
 (all-E)-Lycopene . , , 
a Percentage of peak area in the HPLC chromatogram at  nm.
ጯᧄ㧦ࠠࠢ⑼ᬀ‛ߩ⧎ᑯߦ߅ߌࠆࠞࡠ࠹ࡁࠗ࠼ߦ㑐ߔࠆ⎇ⓥ
Retention time (min)
20 40 60 80 100


















































































































Figure . HPLC analysis of carotenoids of extracts of calendula petals. 
a, cv. Alice Orange; b, Orange Star; c, Orange Zem; d, Alice Orange; e, Gold Star; f, Golden Zem. Peak numbers are 
identifi ed in Table .
⧎߈⎇ⓥᚲ⎇ⓥႎ๔ޓ╙ ภ
᷹ቯߦࠃߞߡᏫዻࠍ᳿ቯߒߚ㧔╙  ⴫㧘╙  ࿑㧕㧚
 ⒳㘃ߩ┙૕⇣ᕈ૕ߩ H-NMRࠪࠣ࠽࡞ߩᲧセࠍ╙
 ⴫ߦ␜ߒߚ㧚ߎࠇࠄߩࡐ࡝ࠛࡦ㎮ㇱಽߩ┙૕㈩⟎
ߪ H-NMRࠪࠣ࠽࡞ߩ⇣ᕈൻࠪࡈ࠻୯ (ǍǬ=ǍZ-ǍE) 
(Englert, ) ߅ࠃ߮ NOESY⋧㑐߆ࠄ᳿ቯߒߚ㧚଀߃
߫ Z,Z᭴ㅧࠍᜬߟൻว‛ ߩ႐ว㧘H-, H-, H-, H-
߅ࠃ߮ H- ૏ߩ H NMRࠪࠣ࠽࡞୯ߪ all-E૕ߦᲧߴ
ߡᄢ߈ߊૐ⏛႐ࠪࡈ࠻ߒߚ৻ᣇߢ㧘H- ߅ࠃ߮ H- ૏
ߪ㜞⏛႐ࠪࡈ࠻ߒߚ㧚ߎࠇࠄߩ⇣ᕈൻࠪࡈ࠻ࡄ࠲࡯ࡦߪ
Englert()߇ႎ๔ߒߚ Z,Z┙૕㈩⟎ߩ․ᓽߣ৻⥌












Table . H ( MHz) NMR data for lycopene geometrical isomers in CDCl
All-E Z,Z () Z,Z,'Z () Z,Z,'Z ,'Z  ()






































































































































































































Figure . Stereochemistry of six carotenoids containing cis structures at C- or C-' characteristic of orange-fl owered cultivars 
of calendula.
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Figure .  Putative carotenoid biosynthetic pathway in petals of orange- and yellow-fl owered calendula. 
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